Posaconazole and itraconazole were more potent inhibitors of ergosterol synthesis, in both intact cells and cell extracts from Absidia corymbifera and Rhizopus oryzae, than voriconazole and fluconazole. Similarly, expression of CYP51 from R. oryzae in Saccharomyces cerevisiae significantly increased resistance to fluconazole and voriconazole but not to posaconazole and itraconazole.
Rhizopus, Absidia, Mucor, and Cunninghamella are the members of the class Zygomycetes that most frequently cause invasive fungal infections in humans (12) . The incidence of zygomycosis appears to be increasing; an expanded population of immunocompromised hosts coupled with antifungal prophylaxis using agents that have limited activity against these pathogens (such as voriconazole) may be contributory factors (9) . Posaconazole, a novel azole antifungal agent, appears to be unique among the azoles in having both in vitro activity (13) and proven clinical efficacy against this class of pathogens (6, 7, 14, 15) . In this study we examined the molecular basis for this enhanced activity.
In vitro susceptibility testing. Susceptibility testing of Rhizopus oryzae ATCC 11886 and Absidia corymbifera ND320 was performed as described previously (4) . Only posaconazole and itraconazole were active (Table 1) . Testing was repeated using the conditions used in the whole-cell labeling assays: malt extract (ME) broth with incubation for 48 h at 30°C (note: as previously reported, hyphal mat formation was reduced in ME broth and consequently labeling of sterols was more efficient [11] ). Posaconazole was again active against both strains. Itraconazole was less active in ME against R. oryzae; the reason is unknown. Fluconazole and voriconazole again showed no activity against either strain.
Inhibition of ergosterol synthesis in whole cells. Sterols in liquid cultures of R. oryzae and A. corymbifera were labeled with [1- 14 C]acetate and extracted as described previously (11) . The principal sterol in both strains was confirmed by gas chromatography-mass spectrometry (GC/MS) to be ergosterol. Exposure of the strains to posaconazole at sub-MIC levels resulted in inhibition of ergosterol synthesis in both strains; GC/MS analysis confirmed that the inhibition products retained a C-14 methyl group, which is consistent with the proposed mechanism of action of posaconazole (data not shown). Three independent measurements of the reduction in the area of the chromatogram peak corresponding to ergosterol were made for each test drug using three drug concentrations (a single concentration of fluconazole was used, since it is not active against molds). Overall, there was a good correlation between the MIC and the amounts of drug resulting in 50% (IC 50 ) and 90% (IC 90 ) reductions in the ergosterol peak (Table 2) . Posaconazole was the most active drug; voriconazole and fluconazole were not active. Consistent with the MIC results in ME broth described above, itraconazole did not inhibit ergosterol synthesis in R. oryzae.
Inhibition of ergosterol synthesis in cell extracts. Cell extracts were prepared from liquid cultures of R. oryzae and A. corymbifera as described previously (1) . Incorporation of [ 14 C]mevalonic acid (note: there was no labeling of sterols when [1- 14 C]acetate was used) into a peak that eluted at the same time as purified ergosterol was time dependent; maximum incorporation was achieved after 4 and 6 h for R. oryzae and A. corymbifera, respectively (data not shown). Additional peaks that eluted before ergosterol were evident on the radiochromatogram; increasing the incubation period to 24 h did not impact the pattern of peaks (data not shown). It was not possible to identify the labeled sterols by GC/MS, possibly because they were below the limit of detection. Addition of test drugs to the cell extracts resulted in reductions in the peak corresponding to ergosterol and an increase in the earlier peaks; IC 50 s and IC 90 s were calculated from a minimum of three measurements made across a range of drug concentrations. Although posaconazole and itraconazole were again far more active than voriconazole and fluconazole, in contrast to results with the whole-cell assays, the latter drugs blocked ergosterol synthesis in the cell extract assay (Table 2 ). These data suggest that the ability to achieve sufficient intracellular levels plays a role in determining the activities of azoles against these two zygomycetes. Expression of R. oryzae cyp51 in Saccharomyces cerevisiae. Two cyp51 orthologues (cyp51A and cyp51B) were identified from R. oryzae genomic sequence (http://www.broad.mit.edu /annotation/fungi/rhizopus_oryzae). Both genes, along with ERG11 from S. cerevisiae, were PCR amplified from cDNA and fused to the GAL10 promoter on YEp51 (2). The resultant plasmids were used to transform the azole-sensitive Saccharomyces cerevisiae strain YKKB-13 (2) . Expression of cyp51A from R. oryzae resulted in 2-, 8-, and Ͼ32-fold (compared to the same strain expressing the S. cerevisiae ERG11 gene) decreases in susceptibility to posaconazole, itraconazole, and voriconazole, respectively, but had no impact on susceptibility to the mechanistically unrelated drugs caspofungin and amphotericin B ( Table 3) . Expression of cyp51B did not change susceptibility to any of the drugs. Whether this is because cyp51B is poorly expressed in S. cerevisiae or is nonfunctional remains to be determined.
The CYP51 sequences from R. oryzae, which are 62% identical, were aligned with sequences from Candida albicans, Aspergillus fumigatus (only CYP51A was used), and Cunninghamella elegans (the only available zygomycete sequence). By focusing on regions previously associated with azole resistance, we identified two naturally occurring amino acid substitutions, Y132F and F145M (using C. albicans numbering), that are unique to CYP51A from R. oryzae and that may account for the observed pattern of azole susceptibility (Fig. 1) . Previously a C. albicans strain harboring a Y132F substitution tested fluconazole resistant and susceptible to itraconazole (5, 8) . Similarly, a Histoplasma capsulatum isolate with an Y136F substitution (Y136 is analogous to Y132 in C. albicans) displayed reduced susceptibility to fluconazole but not posaconazole (16) . Finally, a C. albicans CYP51 protein harboring Y132H and F145L substitutions was significantly less susceptible to inhibition by fluconazole (10) . Together these data suggest that substitutions at Y132 and F145 can strongly impact susceptibility to fluconazole without impacting either posaconazole or itraconazole. Although the effect of substitutions at Y132 and Y145 on voriconazole has not been assessed, prior work has suggested that strains with two substitutions, one at Y132 and a second substitution elsewhere in the protein, display large reductions in susceptibility to voriconazole but remain susceptible to posaconazole (3) .
In summary, the data presented here suggest that the superior activities of posaconazole and itraconazole over those of voriconazole and fluconazole against R. oryzae and A. corymbifera are due to a combination of an increased affinity for the target site coupled with enhanced cellular penetration and/or reduced efflux.
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